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ABSTRACT
A study of the stability of wall slopes in open pit
mines was performed by preparing photoelastic epoxy-resin
models representing open pit mines with various slope
angles.

The models were loaded centrifugally, using the

"locked-in" stress technique.

Due to the relatively large

sizes of the models, stress distributions could not be
recorded with the photographic equipment availa-ble.

There

fore, fringes and isoclinics were plotted directly on the
models themselves.

The fringes were used to calculate the

shear stress concentrations at arbitrary points in the
model from known stresses at control points in the models.
The type of slope failure that was possible in each model
was deduced from the distribution of the shear stress
trajectories.

The results of this study agree with those

obtained using t�e standard soil mechanic's techniques.
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INTRODUCTION
Open-pit Mining
Open-pit mining is an important method of mineral exploi
tation that is applicable to flat and gently inclined deposits
which lie near the surface (see Figure 1).

At present, the

trend is towards open-pit mining because of its lower cost,
higher production rate and greater inherent safety.
One of the most important factors in a choice between
underground and surface mining is the "STRIPPING RATIO", that
is, tne ratio between the cubic yards of waste which must be
removed and the tons of ore to be mined.

The stripping ratio

depends more or less upon the "ANGLE OF SLOPE", which is the
steepest angle at which the slope can be cut and yet stand
safely.

A decrease of a few d�grees in the angle of slope

may result in removal of a tremendous additional amount of
waste.

This slight angular difference becanes more signifi

cant on the flatter slopes or as the height of the pit is
increased as indicated in Figure 2.
It is difficult to determine the optimum angle of slope
by theoretical calculations.

An inclination towards the safe

side will lead to the removal of great amounts of waste.

On

the other hand, if the slopes are too steep, slides may occur
and cause loss of life and expensive equipment, in addition
to a waste of time and money in removing the slides and
getting the mine in good shape again.
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The purpose of this study is to examine the distribution
of stresses and the behavior of shear stress trajectories in
open-pit mines at different angles of cut, locate the areas
of stress concentration, and investigate configurations which
may tend to reduce the stress intensity at points of concen
tration.
In this study, it is assumed that the open-pit mine
consists of one type of homogeneous, isotropic and perfectly
elastic rock.

In practice, mines frequently consist of two

or more different rock strata of different physical proper
ties.

Although the difference in the physical properties

encountered under actual mining conditions may have some
effect upon the stress distribution in the vicinity of the
slope, the present study should provide knowledge of the
effects of pit configurations and offer a basis for some
simple calculations which may extend similar research to more
complicated cases.

The assumption of elasticity limits the

application of the results of this study to an approximation
of the stress distribution in certain open-pit mine slopes
where plastic deformation of the rock material is negligible.
The results may also be of use in predicting failure in
materials which do deform plastically when extremely large
stress concentration factors a re observed under the elastic
conditions assumed.
The approach used in this investigation is that of exper
imental photoelasticity.

Photoelastic models were cut at

4

various slope angles, namely 60, 45, and JO degrees, before
complete curing of the photoelastic material, and were
stressed centrifugally in order to increase their body force
effect.

The models continued to cure while being subjected

to the centrifugal forces; thus,the stresses developed were
"LOCKED-IN" the models and became permanent records of the
stress distributions which could be studied at a later date.

5

REVIEW OF LITERATURE
Pit-slope Stability
Pit slopes are subject to sh ear stresses due to the
forces of gravity, seepage pressure, or dynamic forces such
as those associated with earth-quakes.

If the shear strength

of the rock along the surface of failure is greater than the
shear stresses developed, then the slope is stable; otherwise,
it will fail.

In other words, the stability of the slope is

governed by the forces acting and the shearing strength of
the rock.3, 12, 18 , 1 9, 20 , 21
In general, there have been two approaches to the analySB
of the stability of slopes; ( 1 ) the application of the laws
of statics, and ( 2 ) the use of the theory of elasticity.

Both

approaches have been applied by the investigators in soil

mechanics, but the first has been used more extensively. 1 7
Static analysis
Basically, in the static analysis methods, the position

of a surface was assumed along which failure could occur
within the material of the slope.

Some methods, such as the

'Friction Circle Method" 18 , assumed that the surface of failure
was a circular cylinder.

Another method, called the "Wedge

Method" 6 replaced the circular cylinder by a plane. In the
"Swedish Method" or "Method of Slices•19 the surface of
failure can be a plane, circular cylinder or a logarithmic
spiral-cylinder.

A right logarithmic spiral-cylindrical

6

surface was assumed by Taylor 19 for his general solution of
slope stability under a large variety of conditions.

A

comparison of results obtained using the various methods of
static analysis of slope stability is presented in Table II.
Theory of Elasticity
No solution has been obtained from the application of
theory of elasticity to the stability of slopes in open-pit
mines, although some attempts were made to solve similar
problems in soil mechanics.

Patrick 15 , in

1 9 48,

used the

theory of elasticity in the analysis of the stability of an
earth dam.

One interesting feature of his analysis was that

he solved the same problem by the means of the static slip
circle and a comparison of the results of the two solutions
showed close agreement.

Carothers and Terzaghi 1 ' 1 6 developed a formula for the

horizontal pressur�, Q, at an arbitrary point in soil, as a
function of the principal stresses due to a strip surface
loading using the theory of elasticity (see Figure J), in
which,
�

= �(B + sin B)
,r

� = �(B

-

sin B)

= cr.-sin2 o< + � cos 2 0(

( 1)
( 2)
( 3)

and obtained an expression for the maximum shearing stress
as a function of the principal stresses, i n the form;
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Figure J:
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(after Andersen}
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where,

qa-2.
w

= maximum principal stress
= minimum principal stress
= intensity of the load per unit area
= tne angle of visibility in radians

B

--

0(

the angle between the major principal stress
and the vertical

Tmax = maximum sh ear stress
= horizontal pressure
Q

It is clear that the maximum value of Tmax occurs when
B = IT/2; i.e., when the point (d) in Figure 3 lies on the
semicircle with diameter (ab).
Photoelastici ty
R. R. Phillipe and F. M. Mellinger,

1 948,

others such as Plummer, 1936, Cuykendall,
son,

1 940,

1940,

together with
and Farquhar

explored the use of gelatin as a model medium for

stress pattern determinations of loaded foundations 16 •

Figure 6 shows the results of a photoelastic investiga
tion of the embankment of the Clendening Dam, using a gelatin
model.

The stresses shown are prototype values converted

from model data and utilizing the scale factor and the mater
ial properties of model and prototype.

The agreement between

9

Figure 5:

Contours of max. shear stress by elastic
method (after Patrick)

Figure 6:

Shearing stress tons/sq.ft. in foundation
and portion of embankment
(after Phillipe)
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the results given by theoretical analysis in Figure 5, and
photoelastic results given in Figure 6, was quite good.
The above examples indicate that photoelastic methods
have been useful in the field of soil mechanics and should
be of great help in slope stability analyses of open-pit
mines in rock formations.
Plasticity
The theory of plasticity should not be neglected in the
study of stability in rock structure, but this area of
research is, at present, relatively new.

Jurgenson 11

developed formulae for the analysis of overstressed plastic
foundations subjected to loadings from elastic structures.
In his analysis, he considered the foundations to be ( 1 )
fully plastic, ( 2 ) shallow, (3) homogeneous, and (4)
isotropic.

The load applied to the foundations was triangu

lar in distribution, as in Figure 7, but the method can be
adapted to any loading system.

He obtained the following

expressions for the active horizontal earth force and the
shear stress developed along the boundaries of the founda
tion:
E = wh2

s
where,

2

1
1

-

sin

+ sin

�

= Pa

T

E = horizontal active earth force

0

= angle of internal friction

(5)
( 6)

=<

<

al
shearing stress d ue to horizont
earth forces

shearing stress d ue to load
of dam
w plastic foundation on
lo
al
sh
of
y
it
il
ab
St
7:
re
Figu
rigid bound ary (after Jurgenson)

lZ

w = unit weight of embankment

h = height of embankment
p = maximum unit pressure on a foundation

2a = depth of foundation
2L = length of embankment

s

= shearing stress developed along the boundaries

of the foundation
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Types of Slope Failure in Open-pit Mines
Two types of s1ope failure have been assumed in open-pit
mines analyses; toe failure and base failure.

However,other

types of failure, such as rock falls and rock flows, may
occur.

A rock fall may result from a tension failure caused

by the freezing of joint water or by the reflection of blast
shock waves.

Rock flow, a shear failure, may take place due

to concentrated applied loads at the ground surface near the
slope.

This investigation is limited to toe and base slope

failures.
Toe failure
When the sliding surface passes through the toe, the
ground movement resulting is called a "toe failure".

Figure

8 shows the graphical representation of the simplest case of
toe failure from which an equilibrium factor of safety can be
calculated.

There are two distinct safety factors 17 used in slope

analysis; one is applied to the slope static equilibrium and,
the other, is concerned with the strength of the soil or roe�
The equilibrium factor of safety is the ratio of the resist
ing moment(S.R.) to the driving moment(D.W.) as shown in
Figure 8.

With respect to the material Etrength safety

factor, a single safety factor has been applied to both the
cohesion(C) and the angle of the internal friction(¢) of
the material comprising the slope so that the resulting value

14

s

Figure 8:

Figure 9:

Resisting force
= Moment arm of
weight
R
=
Radius
of slip
w
circle
SR = Product of S
times R
DW = Product of W
times D
Configuration assumed in the case of
static analysis of the slope (after Wilson)

Locus of the centers of slip circles in a
static analysis of base failure
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of the strength would result in a safe slope at an equilibrium
safety factor of one.

The material strength safety factor was

obtained as follows:
S.F. = C/CD

= tan¢/ tanD

¢

where, CD and tan¢
are the design values, and C and tan¢
D
are the vaiues measured in the laboratory for the material in
question.
When the strength of the soil is uncertain, it has been
recommended that the equilibrium safety factor should not be
less than two 17 , or in cases where the material strength is

well defined, the safety factor may be reduced to 1.25.
The location of the critical slip circle has been found
by trial and error methods.

E- W. Carlton 2 mentioned an

approximate method with which the center of the critical slip
circle can be quickly located.
are given in Figure

The mechanics of this method

1 0.

Base fa ilure
When the sliding surfaces lie below the slope toe and do
not pass through it, the incipient failure is called a "base
failure".

A solution is obtained in the same manner as in

the case of the toe failure.

The locus of the centers of the

critical slip circles was found by Fellenius9 to lie on a
vertical line that bisects the slope.

For base failure to

occur, Fellenius found that the angle of slope must be less
than

53° .

A most important factor in base failure 1s the

The point o 1 is located by
means of the values of o< and_p
given in the table.
of the critical sl ip circle
lies on the line connecting
o1 and A. The circle giving
the minimum factor
ls critical.

5 lope 1 : 5 1 : 3

1 : 2 1 :1

h

h

4Jh
Figure 10:

Approximate method for location of the center of the
critical slip circle (after Carlton)

!

1: 1

:7 J:1
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bearing capacity of the base.

The presence of a hard layer

below the toe may stop the sliding curve from going deeper.
Figure 9 shows the geometry of a base failure.
General solutions for the safety factor of simple slopes
without seepage have been obtained and are available in the
form of charts and tables.

These compilations show the

values of the stability numbers, proportional to the recipro
cal of safety factors, directly for any given values of
friction and slope angles.

An explanation of the tables and

charts is quoted from Taylor.
"The critical circle for steep slopes passes
through the toe of the slope with the lowest point on
the failure arc at the toe of the slope; this is shown
by key Sketch (A) in Figure()j.

This condition holds

throughout Zone A of this figure, which is a chart of
stability numbers.

In Zone B the low point of the

critical circle is not at the toe of the slope, and
three cases that will be considered are shown in key
Sketch (B).

For small slope angles or small friction

angles the critical circle may pass below the toe of
the slope rather than through it, as shown in Case 2.
For all ranges in whieh this case holds, stability
numbers are given in the chart by long dashed curves.
Stability numbers for the most dangerous circles
passing through the toe are given by solid lines in
the chart both when there is and when there 1s not a

18
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slope angle i
Figure 111

Chart of stability numbers

(after Taylor)
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more dangerous circle that passes below the toe;
where a solid line does not appear in the chart the
most dangerous circle through the toe does not have
a perceptibly different stability number.

Table [I]

presents stability numbers with additional data
relative to the location of the critical circle; the
key to the variables oe, B, n, and D is given by
Figure (;12]"

.

. . .

circles passing through the

toe are represented by full line curves and n values
are represented by short dashed lines.

Cases wherein

there are loadings outside the toe, which prevent the
circle from passing below the toe, are represented by
long dashed lines.
If there is ledge or other strong material at the
elevation of the toe of the slope, the case is repre
sented in Figure [13] by a D value of unity, and it is
also covered in Figure [11] by Case

J.

For D equal to

unity and¢ greater than zero the solution has been
carried out only for 15 degree slopes; therefore, the
short dashed lines for the larger friction angles are
of short length in Figure [1

:y • "

Stability numbers obtained by the different static methods
discussed previously are given in Table II.
close agreement.

They show very

20

TABLE I

STABILITY NUMBERS AND OTHER DATA ON CRITICAL CIRCLES
BY THE ¢-CIRCLE METHOD (After Taylor)

1

90

75

60

45

JO

15

B

¢d

0
5
10
15
20
25
0

5

10

15
20
25
0
5
10
15
20
25
0
5
10
15
25
0
5
10
15
20
25
0

5

10
All values2 O

14

15.1
14
13.5
13
12
11
15.9
25
23.5
23
22
22
)5.4
)4.5
33
) 1 .5
J0. 2
JO
(44.7)
4 2.1
)9.7
37.2
)1
(53.4)
(48)
53
44
39
)1
25
(60.7)
(47)
47.5
(34)
J4

0

66.8

47.6
50
5)
56
58
60
41.8
45
47.5
50
53
56
35.3
)8.5
41
44
46.5
50
(28. 2) 1
31.2

34
36.1
40
( 20)
(2))
20
25
27
28
29
( 1 0.6)
(1 2.5)
11

(14)

n

D

Cd

¥H

(1.062)
1.026
1 .026
1.00 1
0. 29

0.55

0.04

(1 .)0 1 )
(1.161)
1.33 2
1.09 2
1.038
1.003
( 2.117)
(1.549)
1.697

(1.222)
1.222

0. 261
0. 239
0. 21 8
0.1 99
0. 1 82
0.166
0. 21 9
0.195
0.173
0.152
0.1)4
0.117
0.191
0.1 62
o. 1 38
0.116
0.097
0.079
(0.170)
0.136
0.136
0.08)
0.044
(0.156)
(0.110)
0.110
0.075
0.046
0.025
0.009
(0.145)
(0.068)
0.070

(0.02))

0.0 23

0.181
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TABLE
1.

I

(con't)

Figures in parentheses are values for most dnagerous
circle through the toe when a more dangerous circle,
which passes below the toe, exists.

2.

A critical value of infinite depth.

22

H

DH

DH

Figure 12:

( b)

Elements of the Friction Circle Method
(after Taylor)

23

0.19
0.18
�

� 0.17
�
.0

--

�

M

.0

Cl)

0.16

o. 15
0.14
0.13
0.12
0.11
0.10
0.09

Figure lJ:

1

2

J

Depth factor D

4

Chart of stability numbers for the case
of zero friction angle and limited
depth (after Taylor)
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TABLE

II

STABILITY NUMBERS FOR HOMOGENEOUS SIMPLE SLOPES
WITHOUT SEEPAGE - BY SEVERAL METHODS
Culmann
(plane)

1

90

0

5

15
25

75

0

5

60
45

15
25
0

5

15
25
0

5

15
25

JO

0

5

15

15
25
0

5

10

0.250
0.229
0.192
0.159
0.192
0.171
o. 134
0.102
0.144
0.124
0.088
0.058
0.104
0.083
0.049
0.023
0.067
0.047
0.018
0.002
0.033
0.015
0.004

slices
0.261
0.239
0.199
0.165
0.219
0.196
0.154
0.118
0.191
0.165
0.120
0.082
(0.170)
0.141
0.085
0.048
(0.156)
(0.114)
0.048
0.012
(0.145)
(0.072

(After Taylor)

9J-c1rcle

logarithmic
spiral

0.261
o. 239
0.199
0.165
0.219
0.195
0.152
0.117
0.191
0.162
0.116
0.079
(0.170)
o. 136
0.083
0.044
(0.156)
(0.110)
0.046
o. 009
(0.145)
(0.068)
(0.023)

0.261
0.239
0.219
0.191
0.162
0.116
0.078
(0.170)
(0.156)
0.008
(0.145)
(0.068)

All values given are for the critical circle through the
toe of the slope.

When there is a more dangerous circle which

passes below the toe, values are shown in parentheses.
data on circles below the toe see Table I.

For
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Model and Photoelastic Study
Model and prototype similarity

Models are constructed to supply information concerning

the behavior of the prototype structure under load.

Stresses

and their distributions as functions of appliee forces and
the properties of the materials involved may be determined
from model studies.
Murphy mentioned four types of models of which true
models and adequate models are of special interest.

True

models are geometrically similar to the prototype and can
simulate all of the design conditions, whereas, adequate
models predict at least one characteristic of prototype, but
not necessarily all the characteristics.
Panek 14 has shown that the stresses in a model possess
the following relationship to stresses in the prototype:

(8)
where the rat·io of corresponding lengths,

l1L=n
m
p

(9)

if the following relationships between model and prototype
parameters are fulfilled:
1m
= K
= K cr"p
l
WP/Wm
n
�m
p

-

.,....up

= n
"fom

e p = em

E
E::J'D

-12.

(10)
(11)
(12)
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where,
subscript m refers to the model
subscript p refers to the prototype
ft-"= the principal stress
E = Younts Modulus
W = weight per unit volume
n = scale factor
K = loading ratio
u = Poisson's Ratio
e = principal strain
In the case of bodies having no holes, Frocht 10 has
stated that the stress distribution in a two dimensional stress
system is independent of the material physical constants if
the materials are homogeneous and isotropic; the stresses are
within the elastic limit, and the bodies are either free from
or subjected to constant body forces.
In many instances, Equation ( 10 ) has not been satisfied
in laboratory investigations.

Therefore, the direct solution

of Equation (9) for prototype stress magnitudes was not
possible, and only the relative magnitudes of stresses and
their distributions could be determined.
The centrifuge
Centrifugal testing is used in this study to simulate the
gravity force in the model.

Panek 14 and Esser8 gave a full

description of the centrifuge and its function.

The centri

fuge installed in the Missouri School of Mines has a rotor
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diameter of six feet and is capable of developing
1500 rpm.

2 000

g's at

To minimize air resistance on the rotor, the tight

steel shell is evacuated to less than

2

inches of mercury,

absolute pressure.
Panek 14 defines the ratio of the centrifugal force acting
on a mass to the gravity force acting on a mass as the loading
ratio,

2
K = mvmg/r = v g/r

= 4

r1: r gN
2

= 47,2 r

where,

g

2

/

(13)

2

N2

r = the rotor radius of tne centrifuge
N = revolutions per minute of the centrifuge
v = linear velocity of the rotor
g = the force of gravity
The photoelastic material
The "locked-in" photoelastic stress technique employed in
this research was suggested by Dally ? and others and was used

by Esser8 , Haycocks and Oudenhoven in the determination of the

stresses and their distribution in underground mining methods.
In each case, epoxy resin models were mounted in the centri
fuge before the curing process was complete and the curing
process continued to completion while the models were subjec
ted to centripetal forces.

The stresses were retained in the
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models after the removal of the load, and could be studied by
the polariscope at any later time.

The epoxy resin mixture

was;
Araldite 502
Dibutyl Phthalate
Hardener, HN 951
The elastic and optical properties of the material of the
above composition vary with time but after 16 hours from mold
ing they could be considered constant 7 , as follows:
Poisson's ratio
Young's modulous
Material fringe value
( for max. shear)

0.405
926.0
J.52

psi
psi-in/fringe

Photoelasticity
Photoelasticity is the use of optical effects, due to
stresses in photoelastic bodies, to determine the magnitude of
internal stresses and their directions.5, lO Both plane and
circularly polarized light are used in photoelasticity.

When

the transverse vibrations of a light ray are confined to
parallel planes, the light is called plane polarized.

Circu

larly polarized light is obtained by passing a plane polarized
monochromatic light through a quarter wave plate which divides
the plane polarized wave into two plane polarized component
waves of equal amplitudes, vibrating at right angle to each
other, and with a retardataion of

'>,./4 between them.
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Retardation.

If an unstressed transparent plate is

placed between the polarizer and the analyzer of a polariscope,
polarized light will pass through the body unaffected, but if
the same body is in a stressed condition, the polarized light
will split into two components vibrating in planes at right
angles to one another and traveling at different velocities.
The lag of one component behind the other is called the retar
dation, R, and is a function of the difference in p rincipal
stresses and the thickness of the plate, as given by the
expression,
R = Cd (p-q)

(14)

It is shown in the above equation that the retardation at a
point is proportional to the maximum shear stress at the
point.

Thus,
( 15)

where,
C is the stress optical coeff. of the material (in.o/lb.)
d is the t hickness in inches
p&q are the two principal stresses
Tmax is tre maximum shear stress
The third principal stress, acting normal to the plane of
the model, affects both wave components equally, and hence the
retardation stays the same.
If whlte light, a combination of beams of various wave
lengths(� 1) 1s used,colored bands or ISOCHROMATICS can be
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seen covering the model.

These are due to the extinction of

the different wave lengths at various retardations at differ
ent points of the model.
Using monochromatic light, there are two possible condi
tions which can exist within the plate;
1. If the retardation is
extinguisl1ed.

A/2,

the light will be

2. If the retardation is /\, the maximum light will
be transmitted.

Where

1'

is the wave length of

the light used.
Fringe stress coefficient.

As (p-q) varies from point to

point in the model, black bands, Monochromatics or FRINGES,
Each band is a contour of constant stress

will be formed.

difference which is a measure of the maximum shear stress in
the following relationship:

(16)

R = )-_ N = Cd '( p-q)

A
{p-q) = C

or

.

N = F
-

d

N

(17)

d

d {p-q)
F = N

(18)

where N is tne Fringe number
and

F is the Fringe stress coeff. (lbs./in./fringe)

(Fis a constant of the material for a given wave length)
Isoclinics.

The isoclinic is the locus of the points

along which the principal stresses have the same inclination
to an arbitrary reference axis.

The angle which the principal
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stress direction makes with the reference axis is called the
parameter of the isoclinic.
If monochromatic light is used, the isoclinics can be
seen as black bands dependent upon the angular orientation of
the crossed polarizer and analyzer with respect to a reference
axis on the model.

The isoclinics can be distinguished from

fringes in the plane polariscope by rotating the crossed
Polaroids; isoclinics move while fringes stay fixed in posi
tion.
When white light is used, the distinction is easier since
the isoclinics are black while the fringes are colored (only
the zero fringe is black).
Isoclinics a�e used to determine the directions of the
principal stresses.
Principal stress trajectories.

A stress trajectory is a

curve that is tangent to the directions of one of the princi
pal stresses at different points in the plane of the plate.
Thus, there are two orthogonal sets of such curves.
Shear stress trajectories.

The shear stress trajectories

are curves which are tangent to the direction of the maximum
shear stresses.

These curves make angles of 45 ° to the trajec

tories of the principal stresses.

Frocht stated that in case of plastic failure due to a
concentrated load on the edge of a semi-infinite plate,
yielding generally occurs along the planes of shear trajector
ies.

He called the shear trajectories slip lines.

The
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equation of the shear trajectories in the above condition was
derived f rom Figure 14 as f ollows
tan
where

'r

=

de
r dr

'f' is the angle

( 19)

between the tangent to the shear trajec

tory and the isoclinic at point A
r is the polar distance from the concentrated load to
the point A.
Q is the polar angle to point A
but ft,-'= 45 ° , therefore
dr = dQ
r

(20)

integrating
log r - log C = Q

(21)

r = CeQ

(22)

or

which is the equation of logarithmic spiral curves.

JJ

Load

1socl1n1c

tangent
s hear trajectory

F1gure 14:

Shear stress trajectory

{after Frocht)

J4

EXPERIMENTAL PROCEDURE
The literature reviewed indicated that the determination
o� slope stability of an embankment by the theory of elastici
ty is in very close agreement with results obtained with the
slip circle method.

Photoelastic techniques were used by some

investigators to study the stress distributions in the base
ment of an earth dam and gave similar results to those obtained
by the use of the theory of elasticity.

As a result of this

review , it was decided to apply a photoelastic technique to
the study of the stability of slopes in open pit mines, using
epoxy resin models with the stresses locked-in.
Models were constructed as thin plates to represent sec
tions through a slope of an open pit with the purpose of
simulating stress distributions on a section of the prototype.
Model-Prototype Similitude
The plastic models used in this research were not com
pletely similar to open pit mine slopes in material properties
such as degree of homogeneity and isotropy.

The models dif

fered also in the lack of other characteristics such as
seepage and hydrostatic pressures, tectonic structures, and in
the presence of forces other than those due to the action of
gravity which are actually present in the prototypes.

In addi

tion, the plastic model was loaded in a manner which created a
plane stress condition within it, whereas mine slopes are
approximately 1n a plane strain condition.
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Due to these differences, the plastic model represented a
highly idealized open pit prototype.

The direct application

of the results obtained from these experiments must therefore
be limited to those cases which most nearly approach the ideal
conditions.

However, the data presented indicate the influ

ence of some of the parameters affecting the open pit stabil
ity even under conditions which are considerably different
from those modeled.
The ideal way to deduce information about the prototypes
from the models is by applying the principles of similitude.
The formulae governing the relation between the model and open
pit prototype, determined by application of the principles of
similitude, are given in Appendix A.

These could not be used

in the present research because one of the similitude require
ments given by Formula 10 could be satisfied in only one case.
Formula 10 can be rewritten in the form

(23)

K = n(Em /wm)(w /E)
p p

wherein Em,Ep ,wm, and w p are fixed quantities. If the scale
factor n is chosen to give a reasonable size moo.el, then the
Factor K can be calculated for each special case.

Tne magni

tude of the Factor K was shown to be dependent upon the
centrifuge speed of rotation as in equation (13).

Thus, one

laboratory test 1n the centrifuge at a fixed rotation speed can
represent only one special prototype-model scale condition
within the requirements for perfect model similitude.
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A second difficulty which limits the use of the princi
ples of similitude to model scaling is that "locked-in"
stresses in the models do not represent the actual �resses
induced under load because some of the original stresses are
released when the model is unloaded.

In the current work,

the stresses released were in excess of the 20 per cent of
initial stress value estimated by Dally in his original
studies.
Due to the difficulties outlined above, exact similitude
between prototype and model was not obtained.

Instead, con

trol points were determined within the model which correspond
ed to similar points in the prototype at which stresses could
be easily calculated.

The stress at an arbitrary point in the

prototype was determined by multiplying the stress at the con
trol point in the prototype by the stress concentration factor
of the model at a corresponding arbitrary point.

The stress

concentration factor being determined relative to the control
point.

A numerical example is given in Appendix

c.

Although all the model tests were performed under the
same general conditions, some of the environmental factors
co uld not be precisely controlled.

The most important of

these was the daily change in temperature of the centrifuge
room which had a great effect upon the curing rate of the
moo.el.

For this reason, it is not safe to compare the

stresses at arbitrary points in different models without
accounting for the apparent difference in stress at corres
ponding control points.

The distribution of the stresses in
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the models offers a good indication of the areas of high
stress concentration.
Model Fabrication
Due to the short amount of time available, only a limited
number of models could be made.
model tests were obtained.

From these, only six good

These were cut at angles of 60, 45

and JO degrees to represent the common slopes of open pit
mines used in practice.

In addition, these angles represent

the slopes at which different types of failure may occur in
nature; that is to say, toe failure normally occurs when the
slope angle is greater than 53 degrees, at 45 degrees and JO
degrees both toe and base failure may occur.

Three filleted

toe models were constructed with stripping ratios correspond
ing to each of the above slopes in order to find the effect of
filleting upon the distribution of the stresses.
The use of relatively large models was decided upon
primarily to increase the stress magnitude in order to facili
tate interpretation of the results obtained with the relatively
low stress models tested.

Furthermore, they nearly filled the

available model holder, thereby requiring few wedges for
restraining the edges and giving better restraint and nearly
constant weight of the model holder for all of the tests con
ducted.

Lastly, the effect of errors in boundary stress dis

tribution upon the stresses in the region of the slope would
be m1n1m1zed 1n the large models.
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Photoelastic Material.
The standard mixture used by Dally, Esser, Haycocks, and
The mixture

Oudenhoven was used in this study for all tests.
was as f ollows:
1080 gm

Araldite 502
Dibutyl Phthalate

300 gm

Hardener HN 951

120 gm
1500 gm

The curing of this compound is very sensitive to heat and
moisture.

Therefore, while the plastic was in the mold, the

temperature and the humidity were controlled by a combination
of heater and air-conditioner in a sealed room.

In the cen-

trifuge, however, there was no possibility for such control
and in cold weather, when the tem�rature of the centrifuge
room was relatively low the hardening time of the model would
exceed four hours.

As a result, the "locked-in" stresses in

some models were released upon removal from the centrifuge
and thus disrupting the test results.
The manufacturer's specifications show a wide variation
in the rate of curing as shown by the following quotation:
"Araldite 502 can be cured with aliphtic polyamines

such as hard�ner 951 at room or slightly elevated temper

atures.

3 -

7 days

at room temp. {20 ° c)

2 -

8 hours

at 100 C

16 - 24 hours

at 4o 0 c

°

•
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As can be seen from the above,a few degrees drop in
temperature can change the curing time by such a great amount
that in�reasing the time in the centrifuge to compensate
would not be practical.

Good specimens were obtained only

under conditions of optimum temperature and humidity.
The same procedure was used in this investigation for
making and preparing the models as was used under summer
temperature and humidity conditions by Esser, Haycocks and
Oudenhoven, but they experienced fewer curing troubles due
to the higher and relatively constant temperatures which
prevailed during that time.
Model Preparation
After partial curing, the plastic plates were cut to the
desired shape as shown in Tables III and IV.
greased and mounted in the holder.

They were then

The lucite plates which

comprised the original mold, were used to restrain the model.
Lateral support was given by means of wedges placed against
the ends of the models so as to fill the spaces between the
model and holder.

Table III shows the dimensions and the

angles of slope for sharp toe models, whereas Table IV con
tains models similar to those of Table III but after fillet
ing the toes without changing the stripping ratios.
Centrifuge application.

It was ass�med that the models

were large enough (15!" X 9!" X ½") so that, when mounted in
the model holder, little restraint of the edges would be re
quired.

All the models were rotated in the centr1ruge at 400
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TABLE III
Dimensions of Sharp Toe Models
Model

Slope
angle

1

60 °

1:50

Scale

T
5

r-4"-,

✓

'

L--------------,,..-:J

j_ �--
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_L
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TABLE IV
Dimensions of Filleted Toe Models
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rpm and at a vacuum of 26 inches of mercury.

The weight of

the model holder including the model and the confining mater
ial was nearly constant, varying from 103.1 to 103.6 pounds.
All models were subjected to a loading of 160 g's as calcu
lated in Appendix B.
Photoelastic procedure.

The models were studied by the

pola riscope under both monochromatic and white light.
Because the models were extremely large and the light source
did not produce truly parallel rays, there was some difficulty
in obtai ning the fringes and the isoclinics by projection due
to the shifting of the interference bands as the model was
moved.

This difficulty was overcome by drawing the isochro

matics and isoclinics on the model itself.
proved very satisfactory.
in Appendix D.

This method

The photoelastic results are shown

EXPERIMENTAL RESULTS
In general, the fringes observed in the "frozen-in"
stress models of mine pit slopes are of low order but suffi
cient to give comparative results.

Both the fringes and the

isoclinics were plotted directly on the models while being
viewed in the polariscope.

Principal stress and shear stress

trajectories were drawn from the isoclinics.

All shear

stress concentration factors, calculated from the observed
model fringes, are shown in Tables V and VI.

The orders of

the fringes were used to determine the areas of high stress
concentration.

In each case, the type of possible failure

could be determined from the behavior of the shear stress
trajectories.

That is, the shear. stress trajectory pattern

for each model was examined to determine the behavior near

free boundaries.

Failure was assumed to be most likely to

occur at points on the slope or base where a shear stress
trajectory originating at the horizontal surface above the
slope intersected the free boundary.

For convenience, the

tests are grouped into two categories, (1) sharp toe models
and (2) filleted toe models.
Sharp toe models.

Photoelastic stress patterns are presented in Figures 15,
19, and 2J; 1socl1nics in Figures 16, 20, and 24; and shear
trajectories in Figures 18, 22, and 26 for open pit slope
models wlthout a fillet at the toe and with slope angles of
JO, 45, and 60 degrees, respectively.

All the models display
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EXPERIMENTAL RESULTS
TABLE

V.

For sharp toe models
Model

Slope
Angle

Height
of cut

Highest Fringe
Order
at the
base

at the
slope

Stress Concentration
Factor
2

Possibility
of base
Failure

1

°
30

4½"

4

2

1.b

= 1. 25

Yes

2

45 °

5½"

3

3

_J_ = 1.43
2.1

Yes

3

60 °

5½
"

4

3

= 1.88

TABLE

n

No

VI.

For filleted toe models
Model

Slope Angle
After
(filleting)

before

Height
of cut

Highest Fringe
Order
at the
base

at the
slope

Stress Possibility
Concenof base
tration
Failure
Factor

4

)O

o

47

°

5!"

3

1

Yes

5

45

°

65 °

5!"

1/.9
= 1.1

2

2

No

6

60

°

74 °

5½"

3

4

2/1.5
= 1.JJ

4/2¼
=

1.78

No

45

slight cracks which start at the middle of the lower edges of
the models and propagate upwards.

This crack is so pronounced

in the 45 degree slope model that it disturbs the fringes.

It

is not noticeable in the region of the slope base intersection,
however.

In the 60 degree slope model, the fringe of order

one, which lies above the toe, fluctuates up and down in its
path across the model.
The fringes are concentrated at the toe in all models

with the highest orders being 2 for the 30 degree, and 3 for

both the 45 and 60 degree slope models while the highest order
fringes found in the vicinity of the lower corners of the
models are 4, 3 and 4, respectively.

The shear stress concen

tration factors at the toe compared with control points
located at 5 inches horizontally from the toe and under the
pit overburden are 1.25, 1.43 and 1.88, respectively, for the
JO, 45 and 60 degree models.

Isotropic points are found near

the horizontal free boundaries in all models.

These, together

with the isoclinics, are shown in Figures 17, 21 and 25.
Filleted toe models.
Fringes for open pit slope models with a fillet at the
toe and with slope angles of 47, 65 and 74 degree� respective

ly,are shown in Figures 27, 31 and 35.

Similarly, their

isoclinics are portrayed in Figures 28, 32 and J6, and their

shear trajectories in Figures 29, 33 and 37.

The slope

angles were adjusted to these new values in order to keep the
stripping ratios identical to those of the sharp-toed slopes
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discussed previously.

A crack is found at the base of all the

models and becomes more pronounced as the degree of slope is
increased.

The fringes were found to be distorted in the

immediate vicinity of the crack but no such effect is apparent
at relatively small distances away from it.
As before the fringes are concentrated i� the vicinity of
the toe in each model.

The highest fringe orders which occur

in these areas are 1, 2 and 4 for the 47, 65 and 74 degree

slope models, while the highest order fri nges in the vicinities

of the lower corners of the models are 3, 2 and 3, respective
ly.

The shear stress concentration factors at the toes com

pared with control points located at 5 inches horizontally from
the intersection of the tangents to the slope and base are 1.1,

1.33 and 1.78, respectively, for the 47, 65 and 74 degree

models.

Isotropic points are found near the horizontal free

boundaries and are shown together with the isoclinics in
Figures 29, 33 and 37.
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SUMMARY AND CONCLUSIONS
Summary
The purpose of this study was to inve�tigate the effect
of the slope angle upon the stress concentration in the open
pit mines, to find the configuration which might tend to
reduce the stress intensity at the areas of high stress con
centration and to study the behavior of the shear stress
trajectories at different angles of slope and their relation
to the types of failure which may occur.

The experimental

portion of the investigation consisted of the preparation of
photoelastic epoxy resin models which were cut at different
angles of slope and stressed in the centrifuge using the
"frozen-in" stress technique.

Models with plane surface

slopes and bases intersecting at sharp corners, and models in
which the slope base intersection was filleted were used in
this study.

In the three models which were f-illeted at the

toe, the pit slopes were adjusted in such a manner that the
stripping ratio corresponded to three respective unfilleted
models, to determine the effect of the filleting upon stress
concentration.
These models were examined with an eight-inch circular
polariscope.

The isochromatic fringes and the isoclinics were

traced on the models themselves because the models were too
massive for satisfactory recording by other methods.

This

technique was very satisfactory as it overcame the difficul
ties caused by nonparallelism of light rays which results from

testing large models in a small size polariscope.
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The fringes obtained were used to locate areas of high
stress concentration by comparing the stresses at these arbi
trary points wit h the known or calculated stresses at control
points within the model.

From the isoclinics, principal

stress trajectories were drawn and used to plot shear stress
trajectories which may represent the slip curves assumed in
the solution of slope stability problems with the conventional
soil mechanics approach.
It was found that the shear stresses were concentrated in
the region of the toe in both the sharp and filleted toe
models.

From the data obtained, it was determined that the

steeper the slope angle the higher the stress concentration at
the toe, in all cases.

The highest fringe order is at the toe

of the sharp toe models while in the filleted toe models the
highest order fringe w as found to be at the junction of the
slope with the fillet.

It was found, also, that the fillet

reduced the stress concentration factor below that experienced
with unfilleted models with corresponding stripping ratios.
If the shear stress trajectories represent surfaces along
which failure might take place (as was suggested by Frocht in
the case of concentrated loadings on a semi-infinite body),
the results obtained agree completely with those obtained
using the us ual soil mechanic's approach.

Based on this

assumption it can be seen that, at steep slopes of 60 degrees
and more, only toe failure is possible but for lower slopes,
both toe and base failure might occur.
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Conclusions
The present work shows that photoelasticity can be
successfully applied in the study of the stability of slopes
in open pit mines.
It has been shown that the maximum shear stress concen
tration factor in the vicinity of the slope toe increases with
an increase in the angle of the slope.
Fillets, which were placed at the intersection of the
slope and base of certain test models, reduced the stress con
centration in the vicinity of the slope toe below that observ
ed for sharp toe models with comparable stripping ratios.
The fringes show that the areas of high stress concentra
tion are at the toes in the sharp toe models and at the
junction of the slope with the fillets in the filleted models.
No tests were performed to demonstrate the effect of the
height of the pit upon the magnitude of stress concentration,
but it can be deduced that an increase in height should have
no effect upon the shear stress concentrati.an factors.
It was demonstrated by Frocht that the shear stress tra
jectories associated with the stress distribution due to a
concentrated load on a semi-infinite plate determine the sur
faces along which plastic failure can occur.

In this case,

the maximum shear stress trajectories were shown to be loga
rithmic spiral curves, analogous to the slip circles assumed
in soil bearing problems, and in complete agreement with
related investigations in soil mechanics.
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Although stress concentration factors a re of interest in
this study, it has not been assumed that failure necessarily
occurs at the point of highest stress concentration factor.
It is proposed that failure would be most likely on a shear
stress trajectory along which the integral of the shear
stresses gives a maximum va lue.

This was not verified in the

present work but the type of failure for a given pit slope can
be deduced from the shear trajectories.

It was found that in

the steep slopes, 60 degrees and more, toe failures and fail
ures above the toe are possible while with slopes of 47 degrees
or less, all of the recognized types of failure may occur.
This is in complete agreement with the data obtained in soil
mechanics research, where a transition slope of 53 degrees is
recognized.

Lack of photoelastic data at this angle prevents

exact correlation.
The photoelastic mate�ial used in this study was not
ideally suited for the purpose due to its great sensitivity to
heat and humidity.

A drop of a few degrees below standard

temperature in the centrifuge room sufficed to slow the rate
of curing to such an extent as to cause the release of a
considerable amount of the "locked-in" stresses as the models
were unloaded.

For example, the maximum fringe order in 45

degree models is less than the maximum fringe order in both JO
and 60 degree models indicating that conditions were consider
ably less favorable at the time the former models were tested.
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In the 60 degree slope sharp toe model, the shape of the
fringe of order one fluctuates up and down in its path across
the model instead of following the smooth line which would be
predicted by elastic theory.

This was possibly due to

improper mixing of the plastic constituents.
It was shown in the literature review, that the theory
of elasticity and the techniques of photo elastic ity have been
applied successfully to soil mech anics problems.

This study

indicates that useful information can be obtained about the
stability conditions existing in open pit mine slopes from an
analysis of photoelastic models which were rotated in a cen
trifuge to amplify body forces combined with a "frozen stress"
technique.

52

RECOMMENDATIONS
A more sensitive photoelastic material would give much
better results in future research of this type.
If the rotor of the centrifuge were equipped with a
heater it would reduce the required time for stressing in the
centrifuge to less than two hours by increasing the plastic
curing rate.
The best method of obtaining the actual fringes and
isoclinics developed in a model is by recording them when the
model is under load.

This could be done by fitting the rotor

of the centrifuge with a polariscope and a camera to take
pictures of the fringes and the isoclinics of the model while
under load and when the desired speed of rotation is reached.
In this case,the "frozen-in" stress technique would not be
necessary.

The principles of similitude could be used in

such a case, and would give more complete data.
Another possible method for studying the slope stability
lies in combining the use of stress coating with the centri
fugal stressing.

This method would provide information about

the peak strain distribution and could be used with models
which developed some plastic strain under load.
For practical purposes, more complicated cases of open
pit mines represented by composite models which would give a
better picture of actual open pit mines should be investigated.
Also, models of stepped slopes should be fabricated and tests
performed to determine their behavior.
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Models should be run in the centrifuge at different
speeds to determine the effect, if any, of scale factor upon
the shear stress distribution.
Tests on thicker models should be performed.

It is

anticipated that the benefits obtained would be greater
photoelastic sensitivity, higher lateral stability, lesser
s�nsitivity to confinement stresses, and a diminshing of the
effect of uncontrollable stress risers at the boundaries.
Tests on three-dimensional models of open pit slopes in
which the distances to confining surfaces are sufficiently
large so that the effect of the boundary conditions upon the
stress distribution, in the vicinity of the slope is unques
tionably negligible, are desirable.
performed in the centrifuge.

Such tests cannot be

They await the developemtn of

stable photoelastic materials with sufficiently high sensi
tivity and low elastic modulus for use under self-induced
gravity loadings, combined with "frozen-stress" capabilities.
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APPENDIX A
Model-Prototype Relations

To determine the relationship between the shear stres
ses in the model and prototype

c onsidering

the respec tive

elasti c moduli, the angle of slope and the height of the
pit, let
T = f(a,H,Kw,G,u)
where

(lA)

T is the shearing stress (Fl-2)

His the height of the pit (L)
H/a is the tangent of the slope angle
K is a

c onstant;

the loading ratio

w is the spec ific weight of the material (FL -3)

G is the modulus of rigidity of the material (FL-2)
u is the Poisson's Ratio
The relationshiR may also be expressed in the form
(2A)

where 7T•s are nondimensional and independent parameters.

From Buckingham Pi-theorm, the number of Pi terms
required to express the func tional relationship is equal to
the number of basi c dimensions.
Equation lA c an also be written in the form
C . a c 1 • H c 2 . (Kw) c 3 . G c 4 . Tc 5 . uc 6 = 0
where ci is an arbitrary c onstant
The corresponding dimensional equation is

(3A)
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From which two auxiliary equati ons may be written
cl + c2
C + c4
J

L •
F

+

JCJ - 2C4 - 2C
5

c5

=
=

0

(5A)

0

(6A)

It is apparent from these equations that five indepen
dent dimensional quantities are involved, and two basic
dimensions.

Hence three independent Pi-terms are possible,

in addition to the dimensionless quantity u, which may be
considered as another Pi-term.
Sinc e two equations are available to solve for five
unknowns, arbitrary values must be assigned to three of the
Many combinations of these are po ssible; the one

unknowns.

CJ and c was selected.
5
The determinent of the coefficient of the remaining

c 1,

involving

c2

terms

and

c4

is

Since this determinent is not equal to zero, the result
ing equations are independent and the selection is valid.
Arbitrary values for
follows
Cl
C
C

J
5

=
=
=

1
0
0

c 1,

CJ and

c5

can be assigned as

then substituting in equations (SA) and (6A)
1

+

c2

-

2c4

= 0
= 0

C4

0 + 0 +

C4 =

0

c2

= -1

c2

= 1

c2

= 0

Substituting into equation (1A) and dropping C
which is nondimensional
then
Let

7G

= a/H

Cl = 0
CJ = 1
C5 =

then c2
1

then
Again let

+

0

3
C4

7TJ
Cl =

CJ =

1

then

-rr1

= 0
= 0

C4 = -1

0
0

2

+

2c 4

= KwH

C5 = 1

then c2

-

C4

-

2c4

= T/G

= 0
= 0

C 4 = -1
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(2A)

since
then

T/G

(?A)

Then the following relationships between model and
prototype parameters should be fulfilled if model stresses
are t o be representative of prototype stresses.
a

m

(8A)

Hm

Kpw H
p p
Gp

Kmwm H m
Gm

(9A)

Since K = 1 ' equation (9A) becomes
P
K w H
w HP
P
= m m m
Gp
m
u

m

(10A)
(11A)

When these conditions are satisfied stresses in the
prototype are related to model stress by the equation

(12A)
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APPENDIX B
The Calcul ation of the Loading Ratio
The loading ratio (K) equals to the cent rifugal force
acting on a mass (m) divided by the gravity force which is
acting on the same mass (rn)
then
2
K = mv /r
mg

( 1B)

2
= v /r
g

2
= (27TrN) /r

(2B)

= 4 TT 2 r N2

( JB)

g

where r= J

ft

g

4 X
K =

at

J

X

3 2 X 60
1 N2
=
1000
=
400 rpm
N

7T 2
X

2
60 N

( 4B)

then K - 160 g's
or a force per unit volume 160 times the unit weight was
developed in the models.
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APPENDIX C
Prototype Slope Stress Determination
A sample calculation of stresses at an arbitrary point in
the prototype determined using corresponding control points in
model and prototypes and a stress concentration factor deter
mined from a photoelastic model analysis.
Refering to Figure23, the control points (C) in the model
lies 5½" below the surface, and 5" from the toe.
the order 1.6 passes through this point.

A fringe of

At the toe, the point

(T) lies on a fringe of the order 3.
Thus the stress concentration at the point (T) is (3/1.6)
times the stress at point (C).
The stress concentration factor

=

3/1.6

=

1.88.

If the scale factor n = 1200, the depth of point (C) in
the prototype

=

550 ft.

Taking the vertical pressure as 1 psi per foot of height,
the vertical pressure

=

550 psi.

The horizontal pressure may be assumed equal to the
u/1-u times vertical pressure where u, is the Poisson's ratio.
If u =

¼,

the horizontal pressure equals one third the verti

cal pressure.

Since the maximum shear stress equals the dif

ference between the vertical and horizontal stresses divided
by two, the maximum shear stress equals one third the vertical
stress, or 550/3

=

183 psi.

Therefore�the maximum shear stress at the toe of the pro
totype slope is = 183 (1.88) = 335 psi.
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APPENDIX D
Photoelastic Data

Figure 15:

Fringes in JO degree-slope model
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,_.

Figure 16:

Isocl1n1cs in JO degree-slope model
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Figure 17:

Principal stress trajectories in 30
degree-slope model

Figure 18:

Shear stress trajectories in 30 degree
slope model
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Figure 19:

Fringes in 45 degree-slope model

Figure 20:

Isoclinics in 45 degree-slope model

Figure 21:

Principal stress trajectories in 45
degree-slope model

Figure 22:

Shear stress trajectories in 45 degree
slope model
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Figure 2):

Fringes in 60 degree-slope model

0

Figure 24:

Isoclinlcs in 60 degree-slope model

Figure 25:

Principal stress trajectories in 60
degree-slope model

Figure 26:

Shear stress trajectories in 60 degree
slope model
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Figure 27:

Fringes 1n 47 degree-slope model
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Figure 28:

0

Isoclinics in 47 degree-slope model

Figure 29:

Principal stress trajectories in 47
degree-slope model

Figure 30:

Shear stress trajectories in 47 degree
slope. model
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Fringes in 65 degree-slope model
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Figure J2:

Isoclinics in 65 degree-slope model

Figure

33:

Principal stress trajectories in
degree-slope model
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Figure 34:

Shear stress trajectories in
slope model
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Fringes in 74 degree-slope model
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Figure 36:

Isoclinics in 74 degree-slope model
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Figure

37:

Principal stress trajectories in
degree-slope model
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Figure 38:

Shear stress trajectories in 74 degree
slope model
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